Abstract. Transplantation of adrenal cortical tissue may represent an alternative treatment to reestablish glucocorticoid secretion in adrenal insufficiency. In the present work, performed in adrenalectomized rats and adrenalectomized rats with a complete autotransplanted adrenal into the spleen, several hormones and biochemical parameters were measured and compared to control animals, in order to examine hormone interactions. Rats were sacrificed three weeks after surgery, and plasma and tissue samples were obtained for hormone and biochemical measurements. In adrenalectomized animals, plasma corticosterone, aldosterone and insulin levels were profoundly decreased, whereas in autotransplanted rats plasma corticosterone levels showed a partial recovery, aldosterone plasma concentrations remained low, and plasma insulin levels increased to values close to those of the controls. Both groups showed a marked elevation of plasma ACTH levels, as well as significantly increased plasma glucagon concentrations. In autotransplanted animals, most of the biochemical parameters, which were altered in adrenalectomized rats, returned to normal levels. These results suggest that increased glucagon levels in adrenalectomized and autotransplanted animals, may contribute to the marked increase of plasma ACTH, and could also be important in the recovery of plasma glucose and hepatic glycogen observed in autografted rats. Since high glucagon concentrations alone were unable to normalize carbohydrate levels in adrenalectomized animals, it appears that glucagon can act only in the presence of corticosterone.
ADRENAL transplantation may be a treatment option after bilateral adrenalectomy or complete loss of adrenal function [1, 2] . Thus, adrenal transplantation in animals may provide valuable information before the clinical use of adrenal transplants. It was reported that adrenal autotransplantation in animals is an appropriate model to study adrenocortical regeneration [3] [4] [5] [6] , as well as adrenocortical zonation [7] [8] [9] [10] [11] [12] [13] . This approach using adrenalectomized and autotransplanted animals, also helps to explore the metabolic effects of corticosterone and other hormones, such as glucagon and insulin, which are involved in the regulation of carbohydrates, lipids and proteins.
It is well known that hypoglycemia is a common symptom in animals after bilateral adrenalectomy due to the absence of glucocorticoids. It was also demonstrated that hypoglycemia is a potent activator of the hypothalamus-pituitary-adrenal (HPA) axis [14] . Activation of the HPA axis results in increased secretion of corticotrophin-releasing hormone (CRH), which secreted into the hypophyseal-portal vessels and transported to the anterior pituitary, stimulates the synthesis and cleavage of proopiomelanocortin (POMC) into a number of peptides, including adrenocorticotrophic hormone (ACTH) [15] . ACTH released from pituitary corticotrophs, acts on the adrenal cortex to stimulate the secretion of corticosterone in the rat. The stress response is terminated via the negative feedback effect of glucocorticoids by occupying the corticosteroid receptors and suppressing the release of ACTH [16] .
In a previous study, we reported that in rats with adrenal autotransplants in the spleen 21 days after surgery, plasma corticosterone levels partially (50%) recover. However, aldosterone levels remain very low [17] . The aim of the present work was to determine plasma concentrations of ACTH, corticosterone, aldosterone, glucagon and insulin, in adrenalectomized rats and adrenalectomized rats with intrasplenic adrenal autografts, and compare the results with those of the controls.
Materials and Methods
Twelve to fourteen weeks old male Wistar rats weighing 230-290 g were obtained from the colony of the University of Aguascalientes and divided into the following three groups (n = 7-10): (1) Sham operated, (2) Adrenalectomized (ADX), and (3) Adrenalectomized with autotransplant of adrenal gland in the spleen (ADX + SP). Autotransplantation involved bilateral adrenalectomy performed through a dorsal incision under anesthesia with sodium pentobarbital (30 mg/kg ip); the adrenals were placed in a 0.9% NaCl sterile solution. The right gland was discarded. The left gland was cleaned of all surrounding fat and connective tissue, and inserted into the spleen parenchyma according to the technique described by Allende et al. [17] . All animals were fed with standard Purina chow. The adrenalectomized rats were given 0.9% NaCl drinking solution during the entire experimental period (21 days) before sacrifice. In the first week after surgery, the animals with the splenic adrenal transplants received a drinking solution of 0.9% NaCl. In the second week, the NaCl concentration was reduced to 0.5% and, in the third week, they were maintained with tap water. The sham-operated rats, used as control group, were supplied with tap water until the sacrifice. The rats were housed under normal laboratory conditions with regular diurnal light/dark alterations (12 h light/12 h darkness cycles). Three weeks after surgery, rats were sacrificed by decapitation under light ether anesthesia and trunk blood was collected for biochemical measurements. Rats were weighed before sacrifice to determine the average weight in each group. Animals were handled gently by the same operator to minimize stress. The plasma was separated by centrifugation and stored at -20ºC until required for assays. The animals were autopsied immediately after the sacrifice to obtain the liver, diaphragmatic muscle (sternal and costal parts), and thymus, which were weighed and then stored at -20ºC until total proteins and hepatic glycogen measurements were performed. Spleens with the adrenal graft were fixed in 10% neutral formaline; then, they were dehydrated, embedded in paraffin, and transversally sectioned at 5-6 mm for histology. Sections were stained with hematoxylin-eosin (H-E) or the MalloryHeidenhain's staining. Total proteins of the various tissues and plasma were determined by the method of Bradford [18] . Hepatic glycogen was measured with the procedure described by Murat and Serfaty [19] . Plasma glucose was determined using the o-toluidine method. Potassium (K + ) and sodium (Na + ) concentrations were measured in a Corning Flame Photometer 410 (UK). Plasma triglycerides and cholesterol were determined using commercial kits purchased from Hycel (Mexico) and Randox (UK), respectively. Plasma corticosterone and aldosterone were determined using Coat-A-Count rat corticosterone and rat aldosterone radioimmunoassay kits; glucagon was measured with a Double Antibody Glucagon radioimmunoassay kit and insulin with a Coat-A-Count insulin radioimmunoassay kit; plasma ACTH was determined using the Immulite ACTH kit for in vitro diagnostic use with the Immulite Analyzer Competitive Immunoassay; all hormone kits were purchased from Diagnostic Products Corporation (Los Angeles, CA, USA). Intra-and interassay variations for ACTH were 10.23% and 9.21%, respectively; for corticosterone 8.26% and 6.94%; for aldosterone 8.86% and 7.19%; for glucagon 5.11% and 6.22%; and for insulin 8.79% and 7.48%. All measurements were carried out in triplicate and repeated at least twice. Results are expressed as the mean ± SEM. The differences between means were compared with an ordinary ANOVA and Tukey multiple comparison test. A p value of less than 0.05 was considered statistically significant. All other commercial reagents used in the experiments were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Results

Plasma hormone concentrations
As shown in Table 1 , in adrenalectomized rats (ADX) and in adrenalectomized rats with intrasplenic adrenal autotransplants (ADX + SP), plasma ACTH levels were approximately 17 and 18-fold higher, respectively, than in sham-operated control animals (SHAM). In comparison with the SHAM group, in ADX animals plasma corticosterone concentrations were markedly decreased, whereas in ADX + SP rats, corticosterone levels reached a 50% recovery. In contrast, aldosterone concentrations in the ADX + SP group were very low, similar to the values found in the ADX rats. The ADX and ADX + SP animals had a significant elevation in plasma glucagon (46 and 33%, respectively). Plasma insulin concentrations decreased in the ADX group, whereas in the ADX + SP rats they returned to normal values.
Biochemical parameters in plasma and tissues
As shown in Table 2 , the ADX animals displayed a significant decrease of plasma glucose (61%), hepatic glycogen (34%), total plasma proteins (72%), total hepatic proteins (75%), plasma triglycerides (48%), Table 1 . Effects of adrenal autotransplantation in the rat spleen on hormonal parameters. The data presented are the means ± S.E.M. (n = 6-9).
(1) SHAM (2) Table 2 . Effects of adrenal autotransplantation in the rat spleen on biochemical parameters. The data presented are the means ± S.E.M. (n = 6-9).
(1) SHAM (2) cholesterol (58%), and plasma sodium (80%), as compared with the sham group. The decrease in these parameters coincided with the marked reduction of plasma corticosterone (8%) and aldosterone (7%) concentrations. The ADX animals also showed a marked increase in total proteins of diaphragma (37%) and thymus (46%), as well as in plasma potassium (41%).
In the ADX + SP rats plasma glucose (95%), hepatic glycogen (70%), plasma (94%) and total hepatic (101%) proteins, and cholesterol (99%), reached values close to those of the SHAM group. Furthermore, diaphragma (102%) and thymus (111%) protein levels in ADX + SP animals, were lower approaching normal values. It should be mentioned, however, that in the ADX + SP rats, plasma potassium levels increased 43% and plasma sodium levels decreased 19% compared with the SHAM group. In addition, no recovery of plasma triglycerides was observed (50%) in the ADX + SP animals. As shown in Table 3 , no statistically significant differences were found among the body, liver, diaphragma and thymus average weights of each group, except for the thymus weight of adrenalectomized rats, which was higher and significantly different from the weight measured in the SHAM group. This result can be reasonably explained by the absence of corticosterone secretion in the ADX animals, since the marked glucocorticoids effect on the mobilization of proteins from lymphoid tissues is widely known.
Morphologic results
By light microscopy, the adrenal capsule was thicker containing numerous fibroblasts and collagen fibers. In the grafts contrasting changes were apparent; the bulk of adrenocortical tissue was atrophic with coalescent multinucleated cells possessing scarce amorphous cytoplasm and small irregular nuclei. Medullary cell remnants were also present, consisting of non nucleated cells with empty vacuoles and amorphous cytoplasm (Fig. 1a) . In areas where the grafts were in direct contact with the splenic parenchyma, splenic sinusoid-like vessels invaded the graft. Erythrocytes, lymphocytes, macrophages containing brown pigment, fibroblasts, collagen fibers and cellular debris could be noted (Fig. 1b) . In the inner border of the capsule, ovoid or spherical well vascularized nodules of several sizes were apparent; they were composed of fasciculata-like cells resembling the cells of the zona fasciculata in the normal adrenal cortex. The cells were arranged in groups or columns. Several mitoses were also observed (Fig. 1c) .
Discussion
Transplantation of adrenal cortical tissue may represent an alternative approach in the treatment of adrenal insufficiency [1, 2] . Thus, this procedure in laboratory animals could provide useful information before clinical application of adrenal transplantation. In the present study, working with adrenalectomized rats and adrenalectomized rats with a complete autotransplanted adrenal into the spleen, we measured plasma levels of ACTH, corticosterone, aldosterone, glucagon and insulin, as well as several biochemical parameters related to those hormones, 21 days after surgery.
Our results showed that in adrenalectomized and in autotransplanted animals, as compared with the control sham group, plasma ACTH levels were significantly increased (17 and 18-fold, respectively) ( Table 1) . These findings were consistent with those reported by other authors in adrenalectomized rats and autotransplanted rats after bilateral adrenalectomy [4, 20, 21] . However, Belloni et al. [4] reported only a 46% increase of plasma ACTH concentration in autotransplanted animals, a much smaller increase as compared with our data. The reason for this difference could be the longer period between surgery and sacrifice (4 months) compared with the 3 weeks used in our study, which would not allow stabilization of ACTH levels. The high plasma ACTH levels found in adrenalectomized and autotransplanted rats can be explained by the enhanced ACTH release due to the reduction of plasma corticosterone. Moreover, the decreased plasma glucose levels (Table 2) in adrenalectomized and autotransplanted animals (at least during the first days after transplantation), may also contribute to the increase of plasma ACTH levels, since hypoglycemia is known to be a potent activator of the HPA axis [14] .
Plasma corticosterone levels in adrenalectomized animals were very low (Fig. 2a) , whereas intrasplenic adrenal autografted animals showed a 50% recovery (Fig. 2a) . This latter result is in agreement with that reported by Vendeira et al. [22] . Belloni et al. [4, 7] noted an almost complete restoration of blood corticosterone levels 4 months after transplantation. The difference between their and our results could be explained by the shorter period between transplantation and sacrifice (21 days) in our experiments, which would allow only a partial regeneration of the transplanted tissue. In spite of this difference, the partial recovery of plasma corticosterone concentrations obtained in our study, was enough to restore the biochemical parameters regulated by this hormone (plasma glucose, hepatic glycogen and plasma, hepatic, muscle and thymus proteins). In contrast, no recovery of aldosterone plasma levels was evident in autotransplanted animals; these rats showed similar values to those of the adrenalectomized animals ( Table 1) . These results are in accordance with those of previous studies [4, 7, 22] . The scant aldosterone secretion by the transplanted adrenal accounts for the failure to recover potassium and sodium plasma concentrations in the autografted rats (Table 2) . Our histologic findings are also consistent with those reported in previous studies [4, 7, 17, 23] . Most of the parenchymal cells in the regenerating adrenal transplant, closely resembled those of the zona fasciculata in the normal adrenal, and it is well known that these cells are mainly involved in corticosterone secretion. Conversely, very few glomerulosa cells could be seen in the regenerating adrenal, which could account for the scarce plasma aldosterone levels measured in the transplanted animals ( Table 1) .
We revealed a marked increase of plasma glucagon levels in both adrenalectomized and autotransplanted animals (Fig. 2b) , consistent with the assumption that low corticosterone levels detected in those groups, promote increased glucagon secretion by pancreatic a-cells, as an homeostatic response to normalize plasma glucose concentration. High glucagon concentrations may also contribute to the marked increase in plasma ACTH levels found in adrenalectomized and autotransplanted rats (Table 1) , since previous studies demonstrated that administration of glucagon evokes a considerably rise in the blood levels of ACTH [24, 25] . It has also been reported that systemic or intracerebroventricular administration of glucagon raises plasma concentration of corticosterone in rats [26] and cortisol in humans [27, 28] . Thus, it may well be that increased glucagon levels contribute to the partial recovery of plasma corticosterone observed in autotransplanted animals (Fig. 2a) . Glucagon may act directly on the regenerating adrenal transplant promoting the secretory activity of adrenocortical cells. It should be mentioned in this regard, that glucagon-receptor mRNA was shown to be expressed in the rat adrenal gland [29, 30] . However, high plasma glucagon concentrations alone were not sufficient to reestablish glucose levels in adrenalectomized rats (Table 2) , suggesting that corticosterone is required for gluconeogenic effects of glucagon. Supporting this idea, Friedmann et al. [31] and subsequently Exton et al. [32, 33] proposed that glucocorticoids play a permissive role in the hormonal regulation of gluconeogenesis. These authors compared gluconeogenesis in perfused livers of control and adrenalectomized rats, and noted that livers of adrenalectomized animals, which were less responsive to glucagon, became fully responsive 60 minutes after dexamethasone administration. Moreover, Eigler et al. [34] reported that a physiologically relevant increase in normal serum cortisol levels, which alone does not alter glucose production, can potentiate the effects of glucagon in the normal dog.
Plasma triglycerides did not recover in adrenal autotransplanted animals ( Table 2 ). This result can be explained by the increased plasma glucagon levels found in this experimental group (Fig. 2b) , since it is well known that glucagon stimulates lipolysis through the activation of hormone-sensitive lipase, which converts triglycerides to free fatty acids and diacyl glycerol.
We found very low levels of plasma insulin in adrenalectomized rats (Fig. 2c) , consistent with their hypoglycemic state (Table 2 ) and the hypocorticosteronemia (Fig. 2a) . On the other hand, autotransplanted animals showed an almost complete restoration of plasma insulin levels (Fig. 2c) , coinciding with the recovery of plasma glucose and corticosterone levels in this group. Corticosterone could also facilitate insulin recovery. In fact, Malaisse et al. [35] reported a markedly increased insulin release by pancreatic tissue isolated from normal rats treated with cortisol. Cryer and Gerich [36] mentioned that decreased insulin secretion along with increased glucagon secretion, are important in the regulation of glucose metabolism and the recovery from hypoglycemia. Such condition is evident in adrenalectomized rats (Figs. 2b and 2c) , without restoration of plasma glucose (Table 2 ) and minimal corticosterone levels (Fig. 2a) . On the other hand, adrenal autografted animals with a 50% recovery of plasma corticosterone concentrations (Fig. 2a) , showed normal plasma glucose (Table 2 ) and insulin levels (Fig. 2c) , as well as high plasma glucagon concentrations (Fig. 2b) .
In conclusion, the marked elevation of plasma ACTH in adrenalectomized and autotransplanted rats, can only partially be explained by the lack of negative feedback effect due to low corticosterone levels and by the decreased glucose concentrations. Another factor may be the high glucagon secretion detected in both groups. The increased plasma glucagon levels found in adrenalectomized and autotransplanted animals, suggest that glucagon is important in the restoration of plasma glucose and hepatic glycogen in the autografted animals. Glucagon is not acting alone, but together with the gradually increasing plasma corticosterone. Thus, it is conceivable that corticosterone plays a major role in the metabolic recovery in autotransplanted animals, allowing the return of most of the biochemical parameters and insulin to normal values.
